Perovskite solar cells (PSCs) are suitable for next-generation photovoltaic systems, due to their unique optoelectronic properties and compositional versatility. [1] [2] [3] [4] [5] In particular, the solution-based coating process enables the production of lowcost solar modules with high throughput; studies for the commercialization of this process have been conducted, reporting a power conversion efficiency of 23.3%. 6, 7 However, the instability (under moist conditions, high temperatures, oxygen, UV light [8] [9] [10] [11] ) and the hysteresis issue of PSCs have been considered bottlenecks for their commercialization.
12, 13 The inuence of charge trap sites in electron transport layers (ETLs) has been studied to solve these problems.
12,14,15
The TiO 2 layer is a well-known ETL, which requires hightemperature (>400 C) heat treatment and has been used to realize high-performance PSCs. However, the TiO 2 layer can reduce the long-term stability and amplify the hysteresis phenomenon. 16 SnO 2 is one of the most attractive materials for the replacement of TiO 2 , due to its wide-band gap, high electron mobility, and proper band alignment with the light-absorbing perovskite layer. [17] [18] [19] [20] [21] Still, SnO 2 -based PSCs are affected by hysteresis, dened in terms of hysteresis index (HI ¼ difference between PCEs measured under backward and forward bias/PCE measured under backward bias) > 5%. 17, [22] [23] [24] To mitigate the hysteresis effect, various preparation methods have been proposed for the SnO 2 ETLs. 25 Among them, colloidal SnO 2 nanoparticles possessing high crystallinity have been reported as one of the most promising ETL materials for PSCs. 19, 26, 27 Uniformly coated SnO 2 colloid layers have exhibited excellent PCE, 27 but the hysteresis and long-term stability of PSCs based on colloidal SnO 2 have not been investigated in detail.
In this work, we successfully fabricated high efficiency perovskite solar cells using ligand-capped colloidal SnO 2 nanoparticles; also, we investigated the thermal stability of perovskite light-absorbing layers coated with conventional sol-gel SnO 2 and colloidal SnO 2 layers. Colloidal SnO 2 effectively inhibited both the decomposition of perovskite layers and the hysteresis phenomena in the PSCs, compared to the sol-gel derived SnO 2 layers. The maximum power conversion efficiency (PCE) of the PSC based on colloidal SnO 2 layers (19.12%) was higher than that of the PSC based on sol-gel derived SnO 2 layers (16.45%).
The structural and supercial characteristics of sol-gel SnO 2 (S-SnO 2 ) and colloidal SnO 2 (C-SnO 2 ) are shown in Fig. S1 (ESI †).
The XRD patterns of S-SnO 2 , which was prepared at 180 C, indicated an amorphous structure ( Fig. 1b shows the X-ray spectroscopy (XPS) spectra for the O 1s core levels of S-SnO 2 and C-SnO 2 . The relatively high intensity of OH peaks at 531.73 eV for S-SnO 2 , compared to those for C-SnO 2 , implies that surface oxygen vacancies were more common in S-SnO 2 than in C-SnO 2 . 28,29 Surface oxygen vacancies in oxide materials are known for being passivated by OH groups.
29
Also, they have been reported to work as surface charge trap sites in oxide ETLs, interfering with the electron transport between perovskite and ETLs. 30 The Sn 3d XPS peaks ( Fig. 1c) for S-SnO 2 are shied towards lower binding energy than those for C-SnO 2 , indicating an abundance of oxygen vacancies in S-SnO 2 . A lower number of oxygen vacancies in C-SnO 2 might be ascribed to the passivation effect of organic capping layers.
31,32
The photoluminescence (PL) spectra for perovskite/glass, perovskite/S-SnO 2 /glass, and perovskite/C-SnO 2 /glass are plotted in Fig. 2a . The C-SnO 2 -based sample exhibits lower PL intensities (770 nm) compared with the S-SnO 2 -based sample; this indicates an improved quenching effect for the perovskite/ C-SnO 2 interface, due to the facilitated electron extraction properties of C-SnO 2 . Time-resolved photoluminescence (TRPL) curves (Fig. 2b) show consistent relationships with steady-state PL. The presence of less oxygen vacancies in C-SnO 2 allows a rapid extraction of electrons from the light-absorbing perovskite layer, reducing the electron-hole recombination. Fig. 3b and c) . Moreover, the change in XRD patterns ( Fig. 3d and e) is consistent with the UV-vis spectra for perovskite layers on S-SnO 2 and C-SnO 2 . The perovskite (110) peak at 14.2 for the perovskite light-absorbing layers on S-SnO 2 , completely disappeared in 24 hours annealing-time. In contrast, the (110) peak for the perovskite on C-SnO 2 lasted for over 60 hours annealing time. In real solar cell devices, C-SnO 2 -based perovskite cells exhibit much better stability. The long-term stability under light-soaking conditions was estimated under AM 1.5G in ambient air. Aer 100 minutes of light soaking, the C-SnO 2 -based device retained 90%, whereas the S-SnO 2 -based device retained only 60% of the initial PCE (Fig. 3f) . Under dark conditions, the C-SnO 2 -based cell exhibited excellent stability: it maintained 95% of the initial efficiency aer one month. The results are shown in detail Fig. S2a and b (ESI †). At the surface of SnO 2 crystals, the oxygen vacancies form hydroxyl groups to passivate these point defects by bonding with the hydrogen atom of water. 34, 35 These hydroxyl groups themselves may facilitate the degradation of perovskite layer. The degradation of the perovskite lm in C-SnO 2 case can be slowed down by reducing the surface hydroxyl groups correspondent with the reduced point defects. Moreover, the improved long-term stability of the C-SnO 2 -based cell can be ascribed to enhanced electron extraction from the perovskite layer to the C-SnO 2 , resulting from a low number of oxygen vacancies, which can work as charge traps. Such charge traps in oxide ETL have been known for assisting the decomposition of perovskite materials with H 2 O and/or O 2 under illuminated conditions.
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The C-SnO 2 -based cell was almost hysteresis-free (Fig. 3g) : the PCEs obtained from the reverse and forward scans were 18.34% and 18.17%, respectively; the resultant HI was 0.1%. On the other hand, for the S-SnO 2 -based cell the PCEs from the reverse and forward scans were 16.46% and 13.69% (Fig. 3g and h) , respectively; the resultant HI was 11.72%. The absence of hysteresis in the C-SnO 2 -based cell can be explained by a facilitated electron extraction, linked to a low concentration of oxygen vacancies. 36 The average photovoltaic parameters of C-SnO 2 -and S-SnO 2 -based PSCs are presented in Fig. S3a-d (ESI †) . The CSnO 2 -based cell exhibits a higher average efficiency (18.34%) than the S-SnO 2 -based cell (16.45%). This higher efficiency results from the higher an open circuit voltage (V oc ) of 1. 12 V and ll factor (FF) of 0.78 of the C-SnO 2 -based cell, compared to those of the S-SnO 2 -based cell (1.08 V and 0.76, respectively). The lower V oc and FF values of the S-SnO 2 -based cell are related to facilitated electron extraction, as already suggested by our PL analyses. The J sc , V oc , and FF of the maximum PCE cell, based on C-SnO 2 , were 21.11 mA cm À2 , 1.14 V, and 0.79, respectively; the corresponding yielding PCE was 19.12% (Fig. S3e, ESI †) . The series resistance (R s ) and the shunt resistance (R sh ) were also estimated from the J-V curves. The corresponding detailed device parameters are summarized in Table S1 (ESI †). The C-SnO 2 -based on PSCs shows a notably higher R sh of 33.18 kU cm 2 compared with S-SnO 2 -based on PSCs, as well as the lower R s of 29.10 U cm 2 caused by enhanced charge extraction. The external quantum efficiency (EQE) of the device is represented in Fig. S4a (ESI †), where the integrated photocurrent of 21.24 mA cm À2 is close to that of the J-V curves. The steady-state PCE of the device was also measured to be 16.92% under a constant bias voltage of 0.80 V (Fig. S4b , ESI †). Besides the reduced oxygen vacancies, other factors such as energy band structure and electrical conductivity for each ETL may inuence the charge extraction. In our previous study, the conduction band minimum (E CB ) was reported as 4.11 eV and 4.09 eV for S-SnO 2 and C-SnO 2 , respectively. The energy barrier for electron transfer from perovskite to C-SnO 2 ETLs was found to decrease, resulting in the enhanced performance.
27 Also, electrical conductivities of each ETLs were measured. As shown in Fig. S5 (ESI †), the higher conductivity of C-SnO 2 ETL also causes the reduced hysteresis and better PCE. 37 Our study demonstrates that C-SnO 2 with reduced oxygen vacancies can be used successfully as an ETL material, allowing the production of highly efficient, long-term stable, and hysteresis-free PSCs.
In summary, we demonstrated that C-SnO 2 ETLs improve the stability of PSCs and eliminate any associated hysteresis effect. The structural and surface properties of C-SnO 2 revealed its crystalline structure and the occurrence of additional low surface point defects, including oxygen vacancies, compared to the more conventional S-SnO 2 . The C-SnO 2 -based PSC showed excellent stability and almost zero hysteresis (HI ¼ 0.1%) compared to the S-SnO 2 -based PSC (HI ¼ 11.72%). Our PL analyses demonstrated the excellent quenching characteristics of C-SnO 2 , which result from facilitated electron extraction (due to the low amount of oxygen vacancies). Moreover, the C-SnO 2 -based PSC showed a relatively high efficiency (19.12%). These CSnO 2 nanoparticles with high crystallinity and low oxygen vacancy are promising electron transport materials; hence, they can be used to produce PSCs with excellent photovoltaic performances: high efficiency, long-term stability, and free of hysteresis effects. 
